Cervical cancer is the leading cause of death with gynecological malignancies. We aimed to explore the molecular mechanism of carcinogenesis and biomarkers for cervical cancer by integrated bioinformatic analysis. We employed RNA-sequencing details of 254 cervical squamous cell carcinomas and 3 normal samples from The Cancer Genome Atlas. To explore the distinct pathways, messenger RNA expression was submitted to a Gene Set Enrichment Analysis. Kyoto Encyclopedia of Genes and Genomes and protein-protein interaction network analysis of differentially expressed genes were performed. Then, we conducted pathway enrichment analysis for modules acquired in protein-protein interaction analysis and obtained a list of pathways in every module. After intersecting the results from the 3 approaches, we evaluated the survival rates of both mutual pathways and genes in the pathway, and 5 survival-related genes were obtained. Finally, Cox hazards ratio analysis of these 5 genes was performed. DNA replication pathway (P < .001; 12 genes included) was suggested to have the strongest association with the prognosis of cervical squamous cancer. In total, 5 of the 12 genes, namely, minichromosome maintenance 2, minichromosome maintenance 4, minichromosome maintenance 5, proliferating cell nuclear antigen, and ribonuclease H2 subunit A were significantly correlated with survival. Minichromosome maintenance 5 was shown as an independent prognostic biomarker for patients with cervical cancer. This study identified a distinct pathway (DNA replication). Five genes which may be prognostic biomarkers and minichromosome maintenance 5 were identified as independent prognostic biomarkers for patients with cervical cancer.
Introduction
Cervical cancer is the second most prevalent cancer and the fourth primary cause of cancer-related mortality in females around the world. 1 Among all the patients with cervical cancer, more than 90% of the pathological type had been squamous cell cancer. 2, 3 With the development of a widespread program termed the Papanicolaou test for cervical cytologic screening, cervical cancer mortality has substantially been reduced. Infection of certain types of the human papillomavirus (HPV) has been proved to be the greatest risk factor for cancer, 4, 5 but whether viral infection can cause or promote the pathological process of cervical cancer alone is still controversial. 4 Previous studies revealed that mutations of various genes like tumor protein p53 (TP53), 6 PIK3CA, 7 phosphatase and tensin homolog (PTEN), 8, 9 as well as aberrant copy number alterations of many oncogenes and tumor suppressors may be involved in the development and progression of cervical carcinoma. 10 Radical surgical treatment and radiotherapy are effective treatment methods; however, up to one-third of these patients will develop progressive or recurrent tumors. 11, 12 Although some clinicopathological parameters, such as grade and International Federation of Gynecology and Obstetrics (FIGO) stage, and several biomarkers, such as cancer antigen 125, have been proposed for recurrence prediction, [13] [14] [15] [16] insufficient sensitivity and specificity of those parameters limits their applications in clinic. Therefore, there is a pressing requirement to find out novel markers or models to predict the prognosis of cervical cancer, especially squamous cancer.
As a refined biological process, DNA replication exists in all kinds of living organisms and is the basis of biological inheritance. The role of DNA replication has been proved to be essential in the process of tumorigenesis and development in previous studies. Tomasetti et al proposed the hypothesis that random mistakes in DNA replication (R) were the third major contributors to cancer, which was verified by the investigation of the incidence of 17 different cancer types among 69 countries (the top 2 major contributors were identified to be environmental factors [E] and heredity [H] formerly). 17 Because of the complicated clinical prognosis of cervical cancer, DNA replication may also have a decisive position in the cervical cancer pathological process. Furthermore, it is also indispensable to investigate the functional and clinical significance of genes in DNA replication pathway in cervical cancer.
Bioinformatic analysis is an effective and practical method to predict the possible oncogenes and gene set variation in tumorigenesis or other pathological process. In our study, we investigated the messenger RNA (mRNA) expression differences between cancer and normal tissues basing on the data sets from The Cancer Genome Atlas (TCGA; https://cancergen ome.nih.gov/). Based on previous findings and the bioinformatic analysis performed, we evaluated the clinical significance of DNA replication pathway further. Our result highlighted 5 genes (minichromosome maintenance 2 [MCM2], MCM4, MCM5, proliferating cell nuclear antigen [PCNA], and ribonuclease H2 subunit A [RNASEH2A]) participating in DNA replication pathway to be promising prognosis markers for these patients. Finally, MCM5 was observed as an independent prognosis biomarker of overall survival (OS) in patients with cervical cancer.
Materials and Methods

Data Sets
Transcriptome profiling data and prognostic data of cervical squamous cancer were obtained from TCGA consortium. In total, 254 cervical squamous cell carcinoma samples and 3 normal cervical squamous samples details were obtained. Oncomine (version 4.5; www.oncomine.org) is an open database which contained 715 data sets and 86 733 samples. The Human Protein Atlas (THPA) program is a scientific research program exploring the whole human proteome, including protein expression profile of 44 different normal, 20 different cancer tissues, and 56 cell lines (www.proteinatlas.org). 18 Four data sets in Oncomine: Scotto cervix (21 cervix squamous epithelium and 32 cervical squamous cell carcinoma), Pyeon Multi-cancer (8 cervix uteri and 20 cervical cancer), Biewenga cervix (5 cervix uteri and 40 cervical cancer), and Zhai cervix (10 cervix squamous epithelium and 21 cervical cancer) and protein expression level in clinical specimens from THPA were chosen to validate the results obtained from TCGA.
Identification of Differentially Expressed Genes
The transcriptome profiling data files for analysis were systemized and transferred into a .txt file which included expression and prognosis data using a Perl order line. Then, package "edgeR" of Bioconductor (version 3.4) was applied in RStudio (version 3.3.2) to screen out the differentially expressed genes (DEGs) with a fold change >2, and P value was defined as .05 to be statistically significant. Volcano plot was drafted in RStudio and genes whose fold-change >2 along with false discovery rate (FDR) <0.1 were marked with red (upregulated) and green (downregulated). Hierarchical clustering analysis was applied to categorize the data into 2 groups with similar expression patterns between cervical cancer and normal cervical epithelia.
Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis of DEGs
Kyoto Encyclopedia of Genes and Genomes (KEGG), which can link genomic information with higher level function information, is a knowledge base for systematic and comprehensive analysis of gene functions. For another, mapping of user's gene to the related biological annotation in the Database for Annotation, Visualization and Integrated Discovery (DAVID) database (version 6.8; http://david.ncifcrf.gov) is an important foundation for any high-throughput gene functional analysis. As a plug-in app of Cytoscape, ClueGO (version 2.2.3) is also an excellent visualization tool to perform KEGG enrichment analysis basing on different database from DAVID. To analyze the DEGs at the functional level, KEGG pathway analysis was applied using both DAVID online tool and ClueGo. P < .05 was considered statistically significant; pathways including 4 more DEGs were showed in ClueGo-KEGG figures.
Pathway Gene Signatures Analyzed Using Gene Set Enrichment Analysis
Gene Set Enrichment Analysis (GSEA) is a computational method for exploring whether a given gene set is significantly enriched in a group of gene markers ranked by their relevance with a phenotype of interest. The curated KEGG pathway V5.2 data set was used to compare the impaired pathways in normal and cervical cancer samples. In addition, the gene sets less than 15 genes or more than 500 genes were excluded. The phenotype label was set as cervical cancer versus control. The t-statistic mean of the genes was computed in each KEGG pathway using a permutation test with 1000 replications. The upregulated pathways were defined by a normalized enrichment score (NES) >0 and the downregulated pathways were defined by an NES <0. Pathways with an FDR P value .1 were considered significantly enriched.
Integration of Protein-Protein Interaction Network and Module Analysis
Cytoscape is a software which can visualize and integrate complex networks. We mapped the DEGs to the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) to evaluate the protein-protein interaction (PPI) information. The experimentally validated interactions with a combined score >0.4 were selected. Another plug-in app Molecular Complex Detection (MCODE) was used to screen the modules of PPI network in Cytoscape. The criteria were set as follows: MCODE scores >6 and number of nodes >10. Moreover, the functional and pathway enrichment analyses were performed for DEGs in the modules. P < .05 was considered significantly different.
Survival Analysis of Distinct Gene Sets and Genes in Cervical Cancer
A single-sample (ssGSEA) score based on the expression of genes within each KEGG pathway was calculated for all cervical cancer samples in the TCGA cohort. Cancers with a ssGSEA score above the cohort median were considered to have high expression of a particular KEGG pathway gene set, and cancers with ssGSEA score below the cohort median were considered to have a low expression of the KEGG pathway gene set. For each KEGG pathway, a Kaplan-Meier curve was constructed to compare the OS of patients with cervical cancer with a high expression of the KEGG pathway against low expression of the KEGG pathway. A log-rank test was used to calculate the statistical significance of the difference in survival between the 2 groups. A Cox univariate hazard ratio (HR) was calculated as a measure of the magnitude of the difference in survival between the 2 groups. 19, 20 Survival analysis of single genes in survival-related gene sets was conducted to evaluate the clinical significance of each genes. "Survival" package was applied in RStudio, and a Kaplan-Meier curves were mapped based on the follow-up data from TCGA. A log-rank test was used to calculate the statistical significance of the difference in survival between the 2 groups, and the cutoff of P value defined as .05 was considered to be significant.
Statistical Analysis
The statistical analysis was applied using SPSS version 22.0 for Windows. Student t test was conducted to determine the mean of I-IIA versus IIB-IV for MCM5. Univariate and multivariate Cox regression models were performed to analyze the 5 survival-related genes from DNA replication pathway. The differences were considered significant at P value <.05.
Results
Workflow for the Identification of Key Pathways and Genes in Cervical Cancer
We compared cancer and normal tissues to identify significant signatures and prognostic markers for cervical cancer. The workflow of the bioinformatic process is outlined in Figure  1A . Clinical details of the patients with cervical squamous cancer from TCGA cohort including the age of diagnosis, vital status, tumor status, tumor size (T) stage, lymph node (N) stage, metastasis (M) stage, and tumor grade are summarized in Supplemental Table 1 .
Identification of DEGs
A total of 3818 DEGs were identified, of which 1574 were upregulated and 2244 were downregulated. Genes whose fold-change >2 along with FDR <0.1 were marked with red (upregulated) and green (downregulated) in the volcano plot as shown in Figure 1B .
Investigation of Significant Pathways in Cervical Cancer
Upregulated and downregulated DEGs were observed to excavate the most significantly enriched pathways by KEGG pathway analysis. The most significant pathways enriched in the upregulated DEGs were cell cycle, systemic lupus erythematosus (SLE), alcoholism, DNA replication, and viral carcinogenesis, while the downregulated DEGs were enriched in focal adhesion, vascular smooth muscle contraction, neuroactive ligand-receptor interaction, calcium signaling pathway, and cyclic guanosine monophosphate-protein kinase G signaling pathway (Table 1) .
In order to understand the system-level functional interactions of the DEGs we obtained, PPI network analysis was performed based on the information in the STRING database. After mapping the whole DEGs into STRING, the top 5 hub nodes with higher degrees were screened. These hub genes included somatostatin receptor 1 (SSTR1), NPBWR1, S1PR3, NPY1R, and CXCR3. Among these genes, SSTR1 showed the highest node degree, which was 31. Figure 2A illustrates the whole DEG PPI network. Moreover, a total of 3818 nodes and 17 128 edges were analyzed using plug-in MCODE. The top 3 significant modules were selected, and KEGG enrichment analysis (functional annotation) of the genes involved in the modules were analyzed. Enrichment analysis obtaining the pathways involved in the PPI modules (PPI-m) showed that the genes in submodules were mainly associated with neuroactive ligand-receptor interaction, calcium signaling pathway, chemokine signaling pathway, extracellular matrix-receptor interaction, SLE, DNA replication, and also cell cycle. Figure 2B displays the significantly enriched pathways and DEGs in top-ranked submodules based on the PPI network, including DNA replication, SLE, cell cycle, viral carcinogenesis, and so on.
Gene Set Enrichment Analysis was conducted using the RNA-sequencing (RNA-seq) data. In total, 24 pathways were upregulated in cancer group and 16 pathways were upregulated in normal group (data not shown).
Identification of Key Gene Signatures in Cervical Cancer
To comprehend the pathways we investigated above further, we intersected the results of 3 enriched approaches (KEGG, GSEA, and PPI-m) to get mutual pathways. Three upregulated pathways, namely, cell cycle, SLE, and DNA replication, were obtained and 6 pathways of downregulated were obtained. To further investigate the clinical signature of 9 mutual pathways we found above, we conducted the gene set survival analysis.
The results as shown in Figure 3A and B demonstrated that 2 (DNA replication and SLE pathway) of 9 pathways were significantly related to survival. Survival rate of patients with high expression score of DNA replication was significantly superior to those patients with low expression score (P < .001). The SLE signature was related to survival (P ¼ .02104) as well while other pathways showed no significant association with survival. Corresponding GSEA results of DNA replication is shown in Figure 3C with NES ¼ 3.10. The peak of the curve was inclined left, which means the expression of most genes in DNA replication pathway was increased when compared between cancer and normal samples. The survival curve of DNA replication is illustrated in Figure 3D .
Identification of the Prognostic Biomarkers and Verification of Differential Expression of DNA Replication Signature for the Patients With Cervical Squamous Cancer
Expression levels of MCM2, MCM4, MCM5, PCNA, and RNA-SEH2A were significantly related to the OS of patients with cervical squamous cancer (P ¼ .00188, .01865, .00081, .04372, MCM4, MCM5, PCNA, and RNASEH2A could bring high rate of survival, which was consistent with the result of gene set survival curves we presented before. Together, high level of these 5 genes may be the promising prognostic factors to predict the better survival of cervical cancer. We further investigated whether these genes in DNA replication signature were also upregulated in 4 other cervical cancer cohorts: Scotto cervix group, Pyeon Multi-cancer group, Biewenga cervix group, and also Zhai cervix group. The fold-change and P value of each gene in DNA replication pathway are shown in Figure 5A , normal versus cervical cancer. The genes were consistent with RNA-seq result as they were upregulated in patients with cervical cancer at mRNA level except DNA2. Then, we analyzed the protein expression level of 12 genes in clinical specimens from THPA. Protein expression levels of survival-related genes MCM2, 4, 5, and PCNA are shown in Figure 5B . All of them had positive strong or moderate expression in cervical squamous cancer tissues and negative weak expression in normal cervical squamous tissues. The protein expression level of RNASEH2A was not available on the website.
Evaluation of MCM5 as a Prognostic Marker of Patients With Cervical Cancer
In a Cox regression analysis, 5 survival-related genes expression, node (N) stage and FIGO stage were found to be significantly associated with OS of patients with cervical cancer by a univariate analysis. Multivariate analysis after reducing the nonsignificant variables demonstrated that FIGO stage (HR ¼ 2.245, 95% confidence interval [CI] 1.866-2.904, P ¼ .035) and MCM5 (HR ¼ 0.461, 95% CI 0.259-0.821, P ¼ .009) were independent predictors of OS ( Table 2 ). The clinical relevance of MCM5 was also investigated. As shown in Figure  S1a , MCM5 expression decreases when stage increased (P ¼ .0434).The sensitivity, specificity, positive predictive value, and negative predictive value of MCM2, 4, 5, PCNA, and RNASEH2A, for discriminating between grade 1 versus grade 2 þ grade 3, FIGO stage I-IIA versus stage IIB-IV, and N0 versus N1, were also estimated. Both of sensitivity and specificity of stage I-IIA versus stage IIB-IV for MCM5 are more than 60% (60.00% and 60.20%, respectively). All the ROC (receiver operating characteristic) curves of the 5 genes are shown in supplemental Figure S1b .
Discussion
In this study, we comprehensively demonstrated 10 significant pathways in cervical cancer using different bioinformatic methods based on TCGA data. Among these pathways, DNA replication (P < .001) has the strongest positive correlation with survival. We also validated the expression level of genes in the DNA replication pathway in other different cohorts which also supported our results. Of the 12 DEGs identified in the DNA replication pathway, MCM2, 4, 5, PCNA, and RNASEH2A were upregulated in cervical squamous cancer samples compared to normal samples, and the survival rate had a positive correlation with the high expression of these genes in patients with cancer. These genes may act as the independent prognostic biomarkers to predict the survival of cervical cancer. According to the results of Cox multivariate analysis, MCM5 was indicated to be an independent prognostic factor for OS of patients with cervical cancer.
As we all know, the univariate Cox regression is the most traditional and simplest method to select prognostic genes. 21 Therefore, we also performed the univariate Cox regression analysis of all genes sequenced by RNA-seq. Finally, a total of 1930 genes which were significant in univariate Cox regression analysis (P < .05, the genes list is attached as Supplemental Table 3 ) were obtained and may be related to the prognosis of cervical cancer. After aligning these genes with the DEGs, we found that a total of 397 genes were common to both, including many genes in DNA replication pathway. After performing KEGG pathway and PPI analysis of these 1930 and 397 genes, we found that the DNA replication pathway obtained by our integrative bioinformatic methods was also screened out; these results are shown in Supplemental Figure  2 . These results suggested that our methods could achieve similar results when compared with traditional methods, and both could find key pathways and genes in the process of tumorigenesis.
Eukaryotic MCM is made up of 6 protein MCM2-7 complex (also known as MCM2-MCM7), which is an essential replicative helicase. [22] [23] [24] Many studies have proved the roles of MCM2 and MCM4 in cancers such as human non-small cell lung carcinomas 25 and oral squamous cell carcinomas. 26 Amaro Filho et al reported an increasing expression of MCM2 in invasive cervical cancers compared to controls, which was due to the correlation between the MCM2-positive cells and the presence of HPV DNA detected by in situ hybridization. 27 Another study indicates that cervical cancer cells may use excess MCMs as a Figure 3 . Overlap of up-and downregulated pathways among KEGG, GSEA, and PPI-m. A and B, Venn diagram illustrated that the overlapped pathways among KEGG, GSEA, and PPI-m were on left and the survival analysis of gene set in mutual pathways were described in the right table. A, Three mutual upregulated pathways. B, Six mutual downregulated pathways. C, The GSEA result of DNA replication pathway was shown with NES equaling 3.10 when comparing between cervical squamous cancer and normal patients. Peak of curve was inclined left which means the expression of most genes in DNA replication pathway in cancer was increased when comparing with normal samples. D, Survival curve of DNA replication was shown. Survival rate of patients with high-expression score of DNA replication was significantly superior to those patients with low-expression score (P < .001). GSEA indicates Gene Set Enrichment Analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; NES, normalized enrichment score; PPI, protein-protein interaction; PPI-m, PPI modules. backup for replicative stress. 28 The level of MCM4 and PCNA was reported to be upregulated by mutant p53, a primary determinant in variety cancers. 29 Tatsumi and Ishim also reported the detection of an MCM4 mutation in HeLa cells, and those cells where the mutant MCM4 was expressed had abnormal nuclear morphology, suggesting that DNA replication was perturbed in the presence of the mutant MCM4. 30 Since the mutant MCM4 may affect human MCM4/6/7 complex formation, the complex containing the mutant MCM4 protein is unstable and tend to be degraded, which would affect the proliferation of cancer further. 30, 31 Pruitt et al have developed a transgenic Mcm2 IRES-CreERT2/ IRES-CreERT2 mouse in which the expression of MCM2 was twothird reduced compared to wide-type mouse in homozygous embryos or mouse embryonic fibroblasts (MEFs); the life span of the transgenic mice was greatly reduced due to cancer such as lymphoma. 32 Shima et al reported that the instable mutation Chaos3 (chromosome aberrations occurring spontaneously 3) in mouse chromosome is an allele of MCM4. After finding the slightly reduced amount of protein level of MCM4 in Mcm4 Chaos3/Chaos3 MEFs, they observed the development of breast cancer in Mcm4 Chaos3 homozygous females further and proved the disposition to breast cancer and worse survival latency in homozygous females compared to wild-type mice. 33 These findings suggest that hypomorphic alleles of the genes encoding the subunits of the MCM2-7 complex may increase breast cancer risk. In our research, MCM2, MCM4, and PCNA were upregulated in cervical squamous cancer samples compared to normal, and for those patients with cervical squamous cancer, their survival rate had a positive correlation with the high expression of these genes. Mutation of these genes may be a possible hypothesis of the result. Minichromosome maintenance 5 is expressed in a wide variety of cells as a main protein to control replication origins and is involved in the cell cycle of both normal and cancer cells. Several studies had linked MCM5 to the progression of oral squamous cell carcinoma, 34 urothelial cancer, 35 breast cancer, 36 ovarian cancer, 37 and so on. Qing et al conducted a proteomic identification of potential biomarkers for cervical squamous cell carcinoma and found that MCM5 might be important in cervical cancer. 38 In this study, we observed that MCM5 was an independent prognostic biomarker in cervical squamous cell carcinoma, and the results showed that MCM5 expression decreases as stage increases. A possible reason might be that MCM5 was present throughout the cell cycle of proliferating cells but not in nonproliferating quiescent cells. 39 With the progress of the tumor, tumor proliferation in situ is slow, 40, 41 leading to the decreasing of MCM5 expression. According to the NCCN (National Comprehensive Cancer Network) guidelines of cervical cancer (https:// www.nccn.org), surgical indications would become scarce for those patients with advanced stage IIB. Thus, the relationship between MCM5 and stage made MCM5 possible to serve as a biomarker in predicting disease progression.
RNASEH2A gene can encode an enzyme in humans named Ribonuclease H2 subunit A 42 ; mutations in this gene cause a rare genetic disorder, Aicardi-Goutieres syndrome, which affects the brain and the skin. 43, 44 Flanagan et al have validated RNASEH2A as an putative anticancer drug target 45 and other studies identified RNASEH2A may be the susceptible gene in aggressive prostate cancer 46 or played roles in lung adenocarcinoma, 47 but the mechanism is still unclear.
The Cancer Genome Atlas is a public funded project that aims to catalogue and discover major cancer-causing genomic alterations to create a comprehensive "atlas" of cancer genomic profiles. It is possible and challenging to identify molecular biomarkers using genomics data. Recently, many researchers are also using the sequencing data to predict and analyze tumor markers. Methods vary according to the integrity of the available data, but each has its own advantages. 21, 48 We have comprehensively analyzed the cervical cancer RNA-seq data set from TCGA, finally obtained 2 significant pathways, 12 genes in one of the most significant pathway and 5 prognostic-related genes and MCM5 which may be an independent prognostic biomarker in cervical cancer. It should be noted that there are some certain limitations in the present study. Due to some missing clinical data in the database, 5 genes except MCM5 were not validated as independent prognostic factors of prognosis, which may also play important roles in cervical cancer, and need further investigation. Moreover, the validation of these biomarkers in an independent clinical cohort should be conducted in our future research to achieve more support for our results.
In conclusion, we identified a distinct pathway (DNA replication) and also 5 genes in it (MCM2, 4, 5, PCNA, and RNA-SEH2A) which were likely associated with prognosis of patients with cervical cancer. Of the 5 genes, MCM5 was an independent prognostic marker. The findings could be helpful for us to understand the pathological process of cervical carcinogenesis, predict outcomes, and develop therapeutic targets for patients with cervical cancer. As for linking genotype to phenotype, further in vitro and in vivo studies are necessary to improve our understanding of cervical cancer.
